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ABSTRACT
The success of natural regeneration in forests depends on the sequential and complete achie-
vement of several connected life-history stages of tree species. The collapse of any stage results in 
the limitation of the overall recruitment process. In this study, we focus on several regeneration 
stages of the cork oak (Quercus suber) tree species: seed production, pre-dispersal and post-disper-
sal predation rates, and establishment of seedlings. The fieldwork was carried out at three forest 
plots located within Los Alcornocales Natural Park (Southern Spain) where Q. suber is dominant. 
We have monitored seed production of 50 adult trees during three consecutive years, estimating 
the proportion of crop loss due to abortions and to damage by insect larvae. We have also stu-
died the impact of predators (rodents and large herbivores) on seed survival in different types 
of microsites. Finally, we have studied the effect of microsite types and environmental factors 
(light, soil moisture and soil compaction) on the germination of sown seeds and the subsequent 
emergence and survival of seedlings.
Results suggest that the high acorn predation rates (both pre-dispersal and post-dispersal) and 
the high mortality of seedlings (during the summer drought) are main causes of limitation in the 
natural regeneration of Q. suber in the study area. These factors act on a microsite-depending 
scale, altering acorns and seedlings probability of survivorship. The scientific knowledge of natu-
ral regeneration requirements of Q. suber will help to develop ecological restoration programs in 
disturbed areas caused by fire, tree disease, or changes of land use.
Keywords: Los Alcornocales Natural Park, acorn production, seedling emergence, seed pre-
dation, regeneration models.
197
INTRODUCTION
Foresters have warned about the lack of natural regeneration of Q. suber in many forest 
stands of southern Europe and northern Africa (see review by Torres, 2003). This seems to 
be a world-wide pattern for trees of Quercus genus; for example regeneration impairment has 
been documented for Q. ilex in the oak savannas (dehesas) of Spain (Pulido et al., 2001), for 
Q. robur (Andersson, 1991) and Q. petraea (Shaw, 1968) in temperate Europe, for Q. rubra 
in north America (Lorimer et al. 1994), for Q. semecarpifolia in Nepal (Vetaas, 2000), and 
for Q. liaotugensis in China (Sun et al., 2004).
The natural regeneration process is a sequence of demographic stages and the collapse of 
any stage will impede the overall recruitment success (Jordano et al., 2001). In Mediterra-
nean environments, the severity of summer drought and the overgrazing by domestic and 
wild herbivores are main causes of seedling mortality for many tree and shrub species (i.e., 
Herrera et al., 1994; Gómez et al., 2003). Environmental factors affecting seedling features 
vary at small spatial scales, thus they act on a microsite-depending way altering seedling pro-
bability of survival (Schupp, 1995). Ecological restoration of degraded lands and the assisted 
regeneration of key tree species in forests will be benefited by a sound understanding of the 
relationship between environmental heterogeneity, regeneration success and ecological fac-
tors governing these processes.
In this paper we report preliminary results from a collaborative project (Heteromed), 
aimed to study the relationships between the environmental heterogeneity and regenera-
tion niches of keystone woody species in Mediterranean forests (Marañón et al., 2004). We 
focus here on the results obtained for the regeneration ecology of Quercus suber (cork oak) 
in field plots located at Los Alcornocales Natural Park (Sierra del Aljibe, South Spain). We 
monitored seed production during three consecutive years, estimating the proportion of 
crop loss. We also studied the impact of predators (rodents and large herbivores) on seed 
survival in different types of microsites. We investigated the effect of light availability and 
soil moisture on seed germination, and seedling emergence and survival. In addition, we 
measured growth of seedlings in the contrasted micro-habitats (results presented in Villar 
et al. 2008). In a parallel greenhouse experiment, we studied the physiological perfor-
mance of Q. suber seedlings cultivated under contrasted conditions of light and water (see 
Quero et al. 2008).
The objective of this study is to determine which phases of the recruitment cycle of Q. 
suber are major bottlenecks to surviving through acorn and seedling stages. Consequences 
of the analysed regeneration patterns for the sustainability of cork oak forests are also 
discussed.
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MATERIAL AND METHODS
Field study
Field experiments were carried out at three forest plots (Sauceda, Buenas Noches and 
Tiradero) located within Los Alcornocales Natural Park (South Spain). The main geologic 
substrate is sandstone, which originates acidic and sandy soils. Climate is of Mediterranean 
type, with heaviest rainfall in autumn and spring, and mild dry summers. The annual rain-
fall ranges from 665 mm in the lowlands to 1210 mm in the mountains. Mean temperature 
is mild, 16-18ºC, with monthly maximum of 31ºC and monthly minimum of 5ºC.
Cork oak (Q. suber) and the deciduous oak Quercus canariensis (more abundant in wetter 
and richer soils) are dominant trees in the study area (Urbieta et al, 2008; Pérez-Ramos et 
al., 2008a). Forest management includes periodic shrub-clearing to facilitate cork harvest 
every nine years. Game ungulates (red and roe deer) and free-range livestock (cows, goats 
and pigs) feed on oak seeds and browse saplings (see ecological description of the area in 
Ojeda et al., 2000).
Three field experiments were carried out to investigate the outcome of different demo-
graphic stages of Q. suber:
1)  Acorn production and predispersal losses. Thirty adult trees, distributed in the three 
forest plots, were monitored for acorn production during the fruiting seasons of 
2002-03, 2003-04 and 2004-05. Four traps (0.5 m diameter) were set under each 
tree and fallen acorns were collected monthly. Once in the laboratory, acorns were 
counted, weighted and classified as: a) abortions (abnormal development of embryo), 
b) damaged by insect larvae, and c) undamaged, viable acorns.
2) Posdispersal seed predation. A factorial design experiment was carried out, sowing 
seeds in three types of micro-habitats (deep shade, intermediate shade, and open), 
with two types of burial (on surface and buried), and under two types of pressure 
by large herbivores (inside and outside a fenced plot). Each dispersal unit had four 
acorns, located in 1 square meter. There were 16 replicates for each factor, making 
a total of 1200 acorns exposed to predators. They were monitored periodically to 
record any evidence of seed predation. The whole experiment was repeated in two of 
the forest plots (Sauceda and Tiradero) and during two seasons 2003-04 and 2004-
05.
3)  Germination, emergence and seedling survival. Acorns from different parent trees 
were weighted and sown in one of the forest plot (Sauceda), following a factorial 
design with two factors: a) type of habitat, selecting a range of light availability from 
open habitats (30-90% of full sun), to medium shade under trees (16-30%) and deep 
shade under shrubs and trees (5-15%); and b) soil moisture, by irrigation of half of 
the seedlings during the summer as opposed to rainfed (control) treatment. We ran-
domly assigned 20 sampling units at each micro-habitat type in which we sowed Q. 
suber seeds on December 2003. Acorns were located in a frame of 25 x 25 cm and 
protected with a wire cage of 1.3 cm mesh size to exclude rodents. Two cages with 5 
acorns each were located at one meter distance per experimental unit, making a total 
of 600 seeds (i.e. 3 microsites x 20 units x 2 cages/unit x 5 acorns/cage). Individuals 
were censored for emergence, survival and any evidence of dieback or damage on a 
15 days basis until October 2004. In addition, one last census was carried out one 
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year after emergence (February 2005). During the summer months (July- September 
2004), half of the seedlings were watered by adding two litres every two weeks, while 
the other half was left unwatered. At the end of the summer, in cages where seedlings 
did not emerge, acorns were unearthed and checked for germination.
Environmental factors were measured per experimental unit, in order to characterize 
individual’s response to resource gradients: a) light availability, using hemispherical canopy 
photos and Hemiview (version 2.1) software to compute the diffuse or Indirect Site Factor 
(ISF), Direct Site Factor (DSF) and Global Site Factor (GSF); b) soil moisture, measured as 
volumetric water content (%) at 12 cm depth with a TDR (Spectrum Technologies), in win-
ter and summer; besides, we recorded any evidence of waterlogging during the rainy season; 
and c) soil compaction, measured with a penetrologger (Eijkelkamp Agriserch Equipment) 
along 60 cm of the soil profile.
Data analysis 
Treatment effects on the different experiments were analysed with factorial ANOVAs, 
considering micro-habitat type as main factor. Multiple comparisons of means were analysed 
by post hoc Tukey test. The program STATISTICA v 6.0 was used for statistical analyses. 
Data were arcsine or log- transformed to satisfy the homocedasticity assumption.
Linear and nonlinear regression models (logistic, exponential and Michaelis-Menten cur-
ves) of germination and emergence (binomial processes), as function of seed weight, light, 
soil moisture and soil compaction were fitted using maximum likelihood techniques. We 
used survival analysis and maximum likelihood methods to parameterize mortality models 
as function of resources (Cox and Oakes, 1984). For data analysis, resource levels were inter-
polated to each individual. To test for the significance of resource availability, two parameter 
models were compared to a null model of no resource effect, using Likelihood ratio tests 
(LRTs) (Edwards, 1992). Differences in Akaike’s Information Criteria (AIC) (Burnham and 
Anderson, 2002) were used in the selection of the best models that fit our data. All analyses 
were completed in programs written in C (Borland C++ 5.01) for this study.
Each phase was studied independently, i.e. germination was studied from all acorns 
sown, emergence was studied from those seeds that germinated, and survival from those 
seedlings that emerged. To test for the effect of water treatment on seedlings survival, the 
AIC of a general model (fitted for all the individuals) and the AIC of a saturated model (sum 
of the AICs of watered and non-watered individuals) were compared. A smaller AIC of the 
saturated model would indicate a significant effect of watering on the survival during the 
summer. The same method was used to account for effects of waterlogging on germination 
and emergence.
RESULTS 
1)  Acorn production and predispersal losses. The average acorn production was 17 
seeds m-2 year -1, with high inter-year variability; 27 seeds m-2 year -1 during 2004-05 
but lower production (7 seeds m-2 year-1) during the previous season 2003-04. Only 
16.5 % of the collected acorns seemed viable and undamaged. Abortions represented 
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about 68% of the total collected acorns, while 15% had evidences of predation by 
insect larvae, in particular of beetles (Curculio sp.), and moths (Cydia sp.).
2)  Posdispersal seed predation. We have found a significant effect of the microsite type 
on seed predation (Fig. 1). In deep shaded microsites, almost 100% of exposed acorns 
were consumed (or retired) in a few days. Most probably rodents (in particular Apo-
demus sylvaticus), which tend to forage in protected dense vegetated habitats, were 
responsible for the high seed loss observed (see more details in Pérez-Ramos and 
Marañon, 2008 and Pérez-Ramos et al., 2008b).
Figure 1. Estimated demographic sequence from an initial number of 1000 viable seeds of Q. suber, dispersed in 
three types of microsites: open (white circle), intermediate shade (black triangle) and deep shade (black 
circle).
3)  Germination, emergence and seedling survival. In the seeding experiment 71.2% of 
cork oak acorns germinated. From those that germinated, 74 % emerged. Emergence 
times followed a negative exponential distribution; a greater number of seedlings 
emerged in March-April, while lower percentages of emergence were observed by 
early summer (June). Half of the planted acorns reached the seedling stage during 
the spring, but 62.7% of them died during the first summer period. At the end of 
the monitoring period (February 2005) 19% of the initial number of individuals had 
survived as one year-old seedlings.
There was a significant effect of microsite type on seed germination and emergence. The 
number of emerged seedlings was significantly lower in the open microsites than under ve-
getation shade. During the seedling emergence season, open microsites tended to be water-
logged more frequently than those under trees or shrubs. This excess of water negatively 
affected seed germination and emergence.
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Survival rate under isolated oaks (intermediate shade) was higher (41 %) than in the open 
microsites (29%), where seedlings suffered a more severe water deficit during the summer. 
For seedlings of this evergreen oak, there was no statistically significant effect of watering 
treatment on seedling survival. In contrast, for two deciduous species (Q. canariensis and 
Q. pyrenaica), studied in parallel under the same experimental design, watering treatment 
significantly improved their survival.
Among the factors that affected seedling establishment, we found that seed weight in-
creased probability of germination; and also seedlings from bigger seeds had higher survival 
rates. Germination and emergence were lower as light availability increased (in open areas). 
Soil compaction gave poorer fits to the data. Probability of mortality increased in sites with 
higher oscillation of soil moisture between winter and summer. 
The models that better fitted our data (with lowest AICs) were the following: 1) Probabi-
lity of seed germination diminished following a negative exponential curve, as the soil water 
content increased. 2) Seedling emergence diminished exponentially as mean moisture of the 
wet period increased. 3) The best predictor for seedling mortality was the time passed between 
sowing and emergence. Seedlings that retarded more their emergence (mainly due to effects of 
waterlogging) had higher probability to die during the summer drought period (Figure 2).
Figure 2. Mortality model that better fits to Q. suber seedling emergence in the study area. Seedlings that delayed 
more their emergence (mainly due to effects of waterlogging) increased linearly their probability to die 
during the drought period.
DISCUSSION
For Mediterranean tree species, surviving rates through seed and seedling stages are ma-
jor bottlenecks to succeed in the forest regeneration process. Spatial heterogeneity in resour-
ces affects individual performance and community dynamics. We have measured resource 
levels directly and examined seeds and seedlings performance, over a wide and continuous 
range of resource conditions. 
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Environmental conditions optimal for one aspect of regeneration can be suboptimal for 
others, originating demographic conflicts (e.g., Schupp, 1995; Battaglia et al., 2000). Masting 
cycles of oak trees involve the production of inter-year variable quantities of seeds that poten-
tially can establish as seedlings. Even in years of good acorn production, abortions and predis-
persal predation percentages can be very high and limit the number of dispersed viable seeds.
Once the seeds are dispersed, we have found spatially contrasted responses between pos-
dispersal seed survival and establishment of seedlings for Q. suber. Along a gradient of ve-
getation cover, the highest acorn predation occurred under shrubs (deep shade microsites) 
where rodents find refuge. However, in these types of microsite the seedling stages were more 
successful than in open areas. High precipitation events that occurred in autumn and winter 
in our study area, caused frequent soil waterlogging, especially in open microsites. This limi-
ted acorn germination and emergence, probably by effects of anoxia.
Under water excess conditions, seedling emergence was delayed, inducing a higher pro-
bability to die when summer drought came. As a result, survival probability after the dry 
summer was higher at intermediate levels of shade (under isolated oaks), and for those see-
dlings that could emerge early in the growing season, and had bigger acorns.
Temporal and spatial heterogeneity of soil water content, from high levels causing water-
logging during the growing season, to very dry conditions during the summer, seems to be 
a main factor determining cork oak recruitment. Predictions of increase in both dryness and 
variability of rainfall regime (IPCC, 2001), could affect the regeneration process and in the 
long term the distribution of cork oak. 
In future studies we will look at how resource availability affects the recruitment phases 
for different species in mixed oak forests. Changes in species performance across resource 
conditions might provide the necessary prerequisites for coexistence. Species-specific res-
ponse (sensu Pacala et al., 1996; Kobe, 1999) to light and soil water will be modelled as 
possible mechanisms of forest dynamics and composition.
ACNOWLEDGEMENTS 
We thank the Consejería de Medio Ambiente (Andalusian Government) and Felipe Oli-
veros, Director of Los Alcornocales Natural Park, for the facilities and support to carry out 
the field work. We also thank to Maite Domínguez and Carmen Navarro for field assistance. 
Regeneration Models were carried out by IRU, with the advice of Dr. Richard Kobe, during 
a short-time grant in Michigan State University. This study was supported by the coordina-
ted project Heteromed (REN2002-04041-CO2). This research is part of REDBOME and 
GLOBIMED networks on forest ecology.
REFERENCES
Andersson, C., 1991. Distribution of seedlings and saplings of Quecus robur in a grazed 
deciduous forest. J. Veg. Sci., 2, 279-282.
Battaglia, L.L., Foré, S.A., Sharitz, R.R., 2000. Seedling emergence, survival and size in 
relation to light and water availability in two bottomland hardwood species. J. Ecol., 
88, 1041-1050.
I. M. PÉREZ-RAMOS et al. REGENERATION ECOLOGY OF QUERCUS SUBER (CORK OAK) IN SOUTHERN SPAIN
203
SUBERWOOD: NEW CHALLENGES FOR THE INTEGRATION OF CORK OAK FORESTS AND PRODUCTS
Burnham, K.P., Anderson, D.R., 2002. Model selection and multimodel inference: a practi-
cal information-theoretic approach. 2nd Edition. Springer-Verlag, New York, USA.
Cox, D.R., Oakes, D. 1984. Analysis of survival data. Chapman & Hall, New York, USA.
Edwards, A.W.F., 1992. Likelihood. Revised edition. Johns Hopkins University Press, Bal-
timore, Maryland, USA.
Gómez, J.M., García, D., Zamora, R., 2003. Impact of vertebrate acorn- and seedling-
predators on a Mediterranean Quercus pyrenaica forest. For. Ecol. Manage., 180, 125-
134.
Herrera, C.M., Jordano, P., López-Soria, L., Amat, J.A., 1994. Recruitment of a mast-frui-
ting, bird-dispersed tree: bridging frugivore activity and seedling establishment. Ecol. 
Monogr., 64, 315-344.
IPCC., 2001. The Intergovernmental Panel on Climate Change (IPCC) third assessment 
report. Cambridge University Press, Cambridge, UK.
Jordano, P., Zamora, R., Marañón, T., Arroyo, J., 2001. Ecological and demographic re-
search in Mediterranean forests of Southern Spain: Applications to conservation and 
restoration. In: Radoglou, K. (Ed.), Forest research: A challenge for an integrated Eu-
ropean approach, vol. 1. NAGREF - Forest Research Institute, Thessaloniki, Greece, 
pp. 377-381.
Kobe R.K., 1999. Light gradient partitioning among tropical tree species through differen-
tial seedling mortality and growth. Ecology, 80, 187-201.
Lorimer, C.G., Chapman, W., Lambert, W.D., 1994. Tall understory vegetation as a factor 
in the poor development of oak seedlings beneath mature stands. J. Ecol., 82, 227-
237.
Marañón, T., Zamora, R., Villar, R., Zavala, M.A., Quero, J.L., Pérez-Ramos, I., Mendo-
za, I., Castro, J., 2004. Regeneration of tree species and restoration under contrasted 
Mediterranean habitats: field and glasshouse experiments. Int. J. Ecol. Envir. Sci., 30, 
187-196.
Ojeda, F., Marañón, T., Arroyo, J., 2000. Plant diversity patterns in the Aljibe Mountains (S. 
Spain): a comprehensive account. Biodiv. Cons., 9, 1323-1343.
Pacala, S.W., Canham, C.D., Saponara, J., Silander,  J.A., Kobe, R.K., Ribbens, E., 1996. 
Forest models defined by field measurements: II Estimation, error analysis and dyna-
mics. Ecol. Monogr., 66, 1-43.
Pérez-Ramos, I. M., Zavala, M. A., Marañón, T., Díaz-Villa, M. D., Valladares, F. 2008a. 
Dynamics of understorey diversity following shrub-clearing of cork oak forests: a five-
year study. For. Ecol. Manage., 255, 3242-3253. 
Pérez-Ramos, I. M., Urbieta, I. R., Marañón, T., Zavala, M. A., Kobe, R. K., 2008b. Seed 
removal in two coexisting oak species: ecological consequences of seed size, plant cover 
and seed-drop timing. Oikos, in press. 
Pérez-Ramos, I. M., Marañón, T. 2008. Factors affecting post-dispersal seed predation in 
two coexisting oak species: microhabitat, burial and exclusion of large herbivores. For. 
Ecol. Manage., 255, 3506-3514. 
Pulido F.J., Díaz, M., Hidalgo de Trucios, S.J., 2001. Size structure and regeneration of 
Spanish holm oak Quercus ilex forests and dehesas: effects of agroforestry use on their 
long-term sustainability. For. Ecol. Manage. 146, 1-13.
204
Quero, J.L., Villar, R., Marañón, T., 2008. Leaf traits and photosynthetic light response 
of Quercus suber L. seedlings grown in a combination of light and water regimes. In: 
Vázquez-Piqué, J., Pereira, H., González-Pérez, A. (Eds.): Suberwood: New challenges 
for the integration of cork oak forests and products. pp 81-90. University of Huelva. 
Spain.
Schupp, E.W., 1995. Seed-seedling conflicts, habitat choice, and patterns of plant re-
cruitment. Am. J. Bot., 82, 399-409.
Shaw M.W., 1968. Factors affecting the natural regeneration of sessile oak (Quercus petraea) 
in North Wales. II. Acorn losses and germination under field conditions. J. Ecol., 56, 
647-660.
Sun, S., Gao, X., Chen, L., 2004. High acorn predation prevents the regeneration of Quer-
cus liaotungensis in the Dongling Mountain Region of North China. Restor. Ecol., 
12, 335-342.
Torres, E., 2003. Experiencias sobre regeneración natural de alcornoque (Quercus suber L.). 
Cuad. Soc. Esp. Cien. For. 15, 37-47.
Urbieta, I. R., Zavala, M. A., Marañón, T., 2008a. Human and non-human determinants of 
forest composition in southern Spain: evidence of shifts toward cork oak dominance 
due to management over the past century. J. Biogeogr., in press. 
Vetaas, O.R., 2000. The effect of environmental factors on the regeneration of Quercus 
semecarpifolia Sm. in Central Himalaya, Nepal. Plant Ecol., 146, 137-144.
Villar, R., Marañón, T., Quero, J.L., Pérez-Ramos, I.M., Vega, D., 2008. Responses of 
Quercus suber seedlings under different light and water treatments. Greenhouse and 
field experiments. In: Vázquez-Piqué, J., Pereira, H., González-Pérez, A. (Eds.): Su-
berwood: New challenges for the integration of cork oak forests and products. pp 49-
60. University of Huelva. Spain.
I. M. PÉREZ-RAMOS et al. REGENERATION ECOLOGY OF QUERCUS SUBER (CORK OAK) IN SOUTHERN SPAIN
